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Abstract  
A CMnSiAl transformation induced plasticity (TRIP) steel was used to study the effect 
of retained austenite on room-temperature mechanical properties. The steel plates 
with retained austenite were obtained by hot rolling, cold rolling and subsequent 
continuous annealing. The starting and finishing temperature of hot rolling are 
between Ac1 and Ac3. Reduction ratio of cold rolling is 75%. The continuous 
annealing is carried out at different intercritical temperatures. The relationship 
between work hardening exponent and retained austenite was discussed. The results 
show that, the Ac1 and Ac3 were much high because of the alloy elements, and the 
temperature range between them was wide. Due to the high hot rolling temperature, 
the grains was hereditarily refined as a result of dynamic recrystallization. Annealing 
at intercritical temperature of 930 ºC, retained austenite with relatively high stability 
reached a maximum volume fraction of 25%, a maximum total elongation of 30.2% 
and a best ultimate tensile strength × total elongation of 20.1 GPa·%. Instantaneous 
work hardening exponent reflects strengthening mechanisms at different strain 
stages. The TRIP effect of retained austenite is the main mechanism during 
deformation. With retained austenite of sufficient amount and high stability, 
continuous work hardening was observed in the tensile specimen of 930 ºC. 
Keywords: Cold rolling; Continuous annealing; Retained austenite; Mechanical 
property. 
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1 INTRODUCTION 
 
Demands of improving energy utilization 
efficiency and reducing greenhouse gas 
emission have been increased. The 
manufacturing industry is required to 
produce lightweight automobile as well as 
improve safety performance. TRIP steel is 
widely applied to auto parts due to its low 
cost, good mechanical properties and high 
energy absorption rate during collision. It 
can be used to produce thinner automobile 
sheet and reduce energy consumption. [1, 
2] The microstructure of TRIP steel is 
generally composed of ferrite, bainite, a 
small amount of martensite, and retained 
austenite. The metastable austenite 
transforms into hard martensite during 
strain process. [3] This phase 
transformation can increase both strength 
and ductility. The stability of retained 
austenite is optimal if the austenite 
presents film-like or acicular. It is not 
beneficial to TRIP effect that the stability is 
excessive or insufficient. [4, 5] Yu et al.’s 
research [6] shows that retained austenite 
with smaller grain size and higher carbon 
content is of more stability. The Retained 
austenite that can continually provide work 
hardening is beneficial to improve ductility 
[7, 8]. According to Zackey et al.’s point [3], 
carbon enrichment of austenite in cold 
rolled TRIP steel during continuous 
annealing can be achieved in three stages: 
intercritical holding, the following cooling 
and isothermal bainite soak. The carbon is 
concentrated from ferrite and “carbon-free” 
bainite preventing potential losses of 
carbon in austenite. Generally, cold rolled 
strip of TRIP steel is followed by a hot dip 
galvanizing process after annealed [9, 10]. 
For conventional TRIP steel, Alloy 
elements such as Si, Mn are easily 
selective oxidized and the oxidation 
enriched on the substrate surface that is 
harmful for wettability [11]. Within proper 
Al, galvanizing property is improved [12, 
13]. 
In this study, a high Al-low Si steel was 
studied to explore the effect of volume 

fraction and stability of retained austenite 
on room-temperature mechanical 
properties of cold rolled TRIP steel. After 
hot rolled between Ac1 and Ac3 and cold 
rolled with reduction ratio of 75%, the 
samples were continuous annealed with 
different intercritical temperatures. Multi-
phase steel sheets containing retained 
austenite of reasonable stability were 
obtained. The characteristics of retained 
austenite were investigated and 
instantaneous work hardening was 
discussed. The relation of retained 
austenite to room-temperature mechanical 
properties and optimum process parameter 
were obtained. 
 

2 MATERIAL AND METHODS 
 
The experimental TRIP steel was melted in 
a vacuum induction furnace and its 
chemical composition is given in Table 1. 
The rolling and annealing processes are 
giving in Figure 1. The Ac1 and Ac3 were 
confirmed to be 720 °C and 1030 °C, 
respectively, calculated by Thermo-calc. 
The experimental steel was hot rolled 
above 1050 °C for optimal dynamic 
recrystallization [14]. The rolled plate was 
air cooled to 650 °C before coiling and then 
cold rolled with reduction ratio of 75%. The 
cold rolled sheets were continuous 
annealed with different intercritical 
temperatures (900 °C, 930 °C and 960 °C). 
The metallographic samples were 
mechanical ground and polished before 
etched with 4% nitric acid alcohol solution. 
The microstructures were observed with a 
Zeiss field emission scanning electron 
microscope (SEM) equipped with electron 
backscatter diffraction (EBSD) function. 
The volume fraction and carbon content of 
retained austenite were detected by X-ray 
diffraction (XRD). The room-temperature 
mechanical properties of experimental 
steel was tested with a 50 kN drawing mill. 
The tensile rate was 2 mm/min. 
 
Table 1. Chemical composition of the experimental 

TRIP steel (mass percent) 

C Si Al Mn Ti P S Fe 
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0.19 0.46 1.69 1.67 0.017 0.004 0.003 Bal. 

 
Figure 1. Rolling and annealing procedure 

 
3 RESULTS AND DISCUSSION 
3.1 Microstructure after annealing 
 
As seen in Figure 2, the microstructure of 
experimental steel consisted of ferrite, 
bainite and retained austenite. When the 
intercritical temperature was 900 °C 
(Figure 2 (a)), there was plenty of bainite 
which present lath or granular. The volume 
fraction of bainite decreased along with 
increased temperature, and few bainite 
was observed at intercritical temperature of 
960 °C (Figure 2(c)). The grain size 
significantly grew at 960 °C that can cause 
the reduction of strength. 
 
3.2 The characterization of retained 
austenite 

The morphology and distribution of 
retained austenite was analyzed by EBSD. 
As shown in Figure 3, the retained 
austenite mainly reminded along the grain 
boundary of ferrite while a little ones 
presented inside ferrite grains. Retained 
austenite exists as block, granular and film 
as well. The volume fraction increased first 
and then decreased. In order to study the 
TRIP effect, the content of retained 
austenite and the carbon content in 
retained austenite were quantitatively 
detected using XRD. 
According to Figure 4, volume fraction and 
carbon content of retained austenite were 
obtained [15]. Equation (1) can be used to 
calculate volume fraction of retained 
austenite Vγ: 

=
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α γ
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In above equation, Iγ and Iα represent 
average intensity of diffraction peaks of 
FCC and BCC, respectively. 
Mass fraction of carbon Cγ in retained 
austenite can be obtained by Equation (2): 

−
=
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where aγ is lattice constant of FCC. 

 
Figure 2 The SEM morphologies of samples at different intercritical temperitures: (a) 900 °C, (b) 930 °C, (c) 960 

°C. F, B and A represent ferrite, bainite and austenite, respectively. 
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Figure 3 EBSD images of different intercritical temperatures: (a) 900 °C, (b) 930 °C, (c) 960 °C. structure with 
different gray levels is ferrite, the red part is retained austenite, and the dark part is bainite which was 
unidentified. 

 
Figure 4 XRD patterns of experimental TRIP steel 

with different intercritical temperatures 

 
Volume fraction of retained austenite and 
mass fraction of carbon are given in Table 
2. With the increasing intercritical 
temperature, the volume fraction of 
retained austenite increases first and then 
decreases and the mass fraction of carbon 
in retained austenite decreases while 
carbon content of 930 °C are close to that 
of 900 °C. Below a certain intercritical 
temperature, 930 °C for this TRIP steel, the 
volume fraction of austenite increased with 
temperature increasing. When the 

temperature rose to 930 ° C, volume 

fraction of high temperature austenite 
increased. But the carbon content in 
retained austenite decreased and so did 
the stability of retained austenite due to 
lack of ferrite which is the carbon origin of 
austenite. 
 
Table 2 Volume fraction of retained austenite and 

Mass fraction of carbon in retained 
austenite 

IT/°C Vγ/% Cγ/% 

900 23 1.068 

930 25 1.061 

960 18 0.886 
IT represents intercritical temperature. 

 
3.3 Mechanical properties 
 
Figure 5 and Table 3 are tensile 
experimental curves and mechanical 
property parameters. The yield strength 

increases with intercritical temperature 
increasing. This may be caused by 
increased carbon content in ferrite due to 
less carbon concentration to austenite. 
Then more dislocation in ferrite makes 
higher yield strength. To improve 
comprehensive mechanical properties 
phase transition of retained austenite 
occurs during tensile test. TRIP effect 
increases local strength, deforming 
transfers to other parts, and then necking 
and appearing of cracks are delayed [16]. 
In this study, the large volume fraction of 
retained austenite significantly increased 
elongation. The samples annealed at 
intercritical temperature of 930 °C had best 
ultimate tensile strength × total elongation 
of 20.1 GPa·%. 
 

 
Figure 5 Engineering stress-strain curves of 

different intercritical temperatures 

 
Table 3 Mechanical properties of samples after 

annealng 

IT/°C YS/MPa UTS/MPa TE/% UTS×TE/GPa·% 

900 288 733 22.5 16.5 

930 355 665 30.2 20.1 

960 376 622 20.6 12.8 
YS, UTS and TE represent yield strength, ultimate tensile 
strength and total elongation, respectively. 

 
To study ability of plastic deformation and 
TRIP effect in detail, strain hardening 
exponent was obtained at different 
intercritical temperatures. Instantaneous 
strain hardening exponent n can be 
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obtained by Equation (3) derived from 
Hollomon formula [17]: 

( )
( )




=

d ln

d ln
n                    (3) 

where σ and ε are true stress and true 
strain, respectively. 
According to Figure 6, the curves had two 
stages: a rapid peak value and a slow 
decreasing. At the beginning of 
deformation, the rapid peak value of strain 
hardening exponent can owe to rapid 
accumulation of mobile dislocation in ferrite. 
The second stage is because of TRIP 
effect. With the continue increasing of 
strain, the retained austenite can absorb 
dislocations and transform to hard 
martensite at the same time which both 
increase the strength [18]. When strain 
hardening exponent n is equal to true 
strain, the necking occurs and material 
reaches failure stage [19]. As a result, with 
more retained austenite homogeneous 
plastic deformation process is prolonged 
and necking is delayed, so the ductility is 
improved. The samples with intercritical 
annealed temperature of 930 °C had most 
retained austenite. Retained austenite 
provided sustainable strain hardening, so 
the samples had optimal comprehensive 
mechanical properties. 
 

 
Figure 6 Work hardening exponent curves of 

different intercritical temperatures 

 
4 CONCLUSION 
 

A cold rolled TRIP steel was continuous 
annealed at different intercritical 
temperatures. Microstructure, 
characterization of retained austenite and 
mechanical properties were studied, the 
relationship between retained austenite 
and work hardening was established. The 
following are the conclusions: 
1) The microstructure of cold rolled 

sheets consisted of ferrite, bainite and 
retained austenite. With intercritical 
temperature increasing, the volume 
fraction of bainite decreased, the 
volume fraction of retained austenite 
increased first and then decreased, 
and grain size increased. 

2) Annealing at intercritical temperature of 
930 °C, the volume fraction of retained 
austenite was 25% and the mass 
fraction of carbon in retained austenite 
was 1.061%. Retained austenite with 
carbon enrichment has well room 
temperature stability and can provide 
continuous strain hardening. 

3) The comprehensive mechanical 
properties of 930 °C was confirm to be 
optimal. The yield strength was 355 
MPa, ultimate tensile strength was 665 
MPa, and total elongation was 30.2%. 
The best ultimate tensile strength × 
total elongation was 20.1 GPa·%. 

 
Acknowledgments 
 
This work was financially supported by the 
National Natural Science Foundation of 
China (No. 51775102) and National Key R

＆D Program of China (2017YFB0703001 

and 2018YFB1308704). 
 
REFERENCES  
 
1 De Cooman BC. Structure–properties 

relationship in TRIP steels containing 
carbide-free bainite. Current Opinion in 
Solid State and Materials Science. 2004; 
8(3–4): 285-303. 

2 Van Slycken J, Verleysen P, Degrieck J, 
Bouquerel J, De Cooman BC. Dynamic 
response of aluminium containing TRIP 
steel and its constituent phases. Materials 



 

 
* Technical contribution to the 11th International Rolling Conference, part of the ABM Week 2019, October 1st-
3rd, 2019, São Paulo, SP, Brazil. 

Science and Engineering: A. 2007; 460–
461: 516-524. 

3 Zackay VF, Parker ER, Fahr D, Rusch R. 
The enhancement of ductility in high-
strength steels. ASM Trans Quart. 1967; 
60(2): 252-259. 

4 Jiang HT, Tang D, Liu Q, Liu RD, Yan L. 
Investigation of retained austenite and its 
stability in TRIP steel. Iron and Steel. 
2007; 42(8): 60-63+82. 

5 Wang Y, Zhang K, Guo ZH, Chen NL. 
Rong YH. A new effect of retained 
austenite on ductility enhancement of low 
carbon Q-P-T steel. Acta Metallurgica 
Sinica. 2012; 48(6): 641-648. 

6 Yu W, Wang X, He B, Xie BS. Effect of 
isothermal time in bainite transformation 
region on microstructure and mechanical 
properties of hot-rolled TRIP steel. 
Transactions of Materials and Heat 
Treatment. 2015; 36(2): 131-136. 

7 Xie ZJ, Shang CJ, Zhou WH, Wu BB. 
Effect of retained austenite on ductility 
and toughness of a low alloyed multi-
phase steel. Acta Metallurgica Sinica. 
2016; 52(2): 224-232. 

8 Ding W, Gong ZH, Tang D, Jiang HT, 
Wang BF. Stability of retained austenite 
of low Si containing Al TRIP steel during 
deformation. Journal of Materials 
Engineering. 2013; (12): 68-73. 

9 Bellhouse  M, McDermid JR. Effect of 
continuous galvanizing heat treatments 
on the microstructure and mechanical 
properties of high Al-low Si transformation 
induced plasticity steels. Metallurgical and 
Materials Transactions A. 2010; 41(6): 
1460-1473. 

10 McDermid JR, Zurob HS, Bian Y. Stability 
of retained austenite in high-Al, low-Si 
TRIP-assisted steels processed via 
continuous galvanizing heat treatments. 
Metallurgical and Materials Transactions 
A. 2011; 42(12): 3627-3637. 

11 Marder A R. The metallurgy of zinc-
coated steel. Progress in Materials 
Science. 2000; 45(3): 191-271. 

12 Mahieu J, Maki J, De Cooman BC, 
Claessens S. Phase transformation and 
mechanical properties of Si-free CMnAl 
transformation-induced plasticity-aided 
steel. Metallurgical and Materials 
Transactions A. 2002; 33(8): 2573-2580. 

13 Maki J, Mahieu J, De Cooman BC, 
Claessens S. Galvanisability of silicon 

free CMnAl TRIP steels. Materials 
Science and Technology. 2003; 19(1): 
125-131. 

14 Huang HQ, Di HS, Yan N, Zhang JC, 
Deng YG, Misra RDK, et al. Hot 
deformation behavior and processing 
maps of a high Al-low Si transformation-
induced plasticity steel: microstructural 
evolution and flow stress behavior. Acta 
Metallurgica Sinica (English Letters). 
2018; 31(5): 503-514. 

15 Srivastava AK, Jha G, Gope N, Singh SB. 
Effect of heat treatment on microstructure 
and mechanical properties of cold rolled 
C–Mn–Si TRIP-aided steel. Materials 
Characterization. 2006; 57(2): 127-135. 

16 Kang YL, Wang B. Structure and property 
of TRIP plate and its control process. 
Journal of Iron and Steel Research. 1999; 
11(03): 66-70. 

17 Jacques PJ, Girault E, Mertens A, 
Verlinden B, van Humbeeck J, Delannay 
F. The developments of cold-rolled TRIP-
assisted multiphase steels. Al-alloyed 
TRIP-assisted multiphase Steels. ISIJ 
International. 2001; 41(9): 1068-1074. 

18 Xie ZJ, Ren YQ, Zhou WH, Yang JR, 
Shang CJ, Misra RDK. Stability of 
retained austenite in multi-phase 
microstructure during austempering and 
its effect on the ductility of a low carbon 
steel. Materials Science and Engineering: 
A. 2014; 603: 69-75. 

19 Jacques P, Cornet X, Harlet Ph, Ladrière 
J, Delannay F. Enhancement of the 
mechanical properties of a low-carbon, 
low-silicon steel by formation of a 
multiphased microstructure containing 
retained austenite. Metallurgical and 
Materials Transactions A. 1998; 29(9): 
2383-2393. 


